Eurasia experienced severe cold weather in December 2012. Particularly strong cold spells occurred in two regions: one over eastern Eurasia in early December, and the other in central to western Eurasia in mid-December. These extreme events were produced in association with blocking phenomena triggered by reflection or downward propagation of planetary waves from the stratosphere.
Introduction
Eurasia experienced severe cold weather in December 2012, whereas conditions were very warm over the contiguous United States. Such an anomalous temperature pattern differs to that related to the negative phase of the Arctic Oscillation, which brings cold air over Eurasia as well as North America (Thompson and Wallace 2000) . During December 2012, particularly strong cold spells occurred twice in association with blocking events: once over eastern Eurasia from Lake Baikal to western Japan over the period 5−11 December, and the other from southern central Siberia to the Caspian Sea over the period 12−18 December, according to the Japan Meteorological Agency (JMA 2012) .
Blocking itself is a regional-scale tropospheric phenomenon, and often occurs around the ridge of planetary-scale stationary waves through interaction with transient eddies, or due to the breaking of Rossby waves (Shutts 1983; Nakamura et al. 1997; Woolings et al. 2008; Yamazaki and Itoh 2009) . Thus, the formation of blocking is not only influenced by regional conditions, but is also dependent on planetary wave structures (Austin 1980) . Recent studies indicate that the reflection of planetary waves from the stratosphere can trigger blocking, especially over the PacificEurasian sector (Kodera et al. 2013 (Kodera et al. , 2016 .
The influence on the troposphere of the reflection of planetary waves from the stratosphere has been demonstrated using singular vector decomposition and lagged correlation analysis (Perlwitz and Harnick 2004; Shaw and Perlwitz 2013) . However, because the tropospheric circulation itself evolves with time, ambiguities always remain regarding the physical processes that produce downward propagation and their impact on the troposphere. Also, although the extraction of a single wavenumber component, such as wavenumber 1, from the eddy field facilitates the interpretation of reflection, it also obscures the relationship between the downward propagation of planetary waves and the tropospheric processes, including larger wavenumber components such as blocking.
In this paper, we will show that the blocking events that produced the severe cold spells over Eurasia in December 2012 were triggered by the downward propagation of planetary waves from the stratosphere. An intriguing characteristic of this event is that it was initiated by enhanced upward propagation of a wave packet from the troposphere in which zonal wavenumber 2 component is dominant, whereas zonal wavenumber 1 component becomes important due to its amplification in the upper stratosphere. Thus, the different wavenumber components in the upward and downward propagating waves facilitate the separation of the impact of the downward propagation of stratospheric planetary waves from the tropospheric variation.
The rest of the paper is organized as follows. After a description of the data in Section 2, our results are presented in Section 3, and a discussion and concluding remarks are given in Section 4.
Data
We used the meteorological reanalysis dataset created by the JMA, the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 2015) , for this study. We define anomalies as departures from the 30-year climatological mean (1981−2010) , unless otherwise specified. The data have a horizontal resolution of 1.25° × 1.25° and 37 vertical levels, of which 10 are above 100 hPa, with a top at 1 hPa.
Results
Eurasia experienced a period of extremely cold weather in December 2012. Surface air temperature anomalies exceeding twice the standard deviation of the interannual variation can be seen in Fig. 1a . Severe cold surges occurred in early December over East Asia and in mid-December over Central Asia. The daily minimum temperature was below −24°C at Shenyang, China on 8 December, and below −40°C at Astana, Kazakhstan on 15 December (JMA, 2012) . The longitude-time section of surface temperature anomalies in the mid-latitudes (35°N−50°N; Fig. 1b) shows that cold weather appeared periodically following the passage of migratory cyclones, but the two extreme cold spells mentioned above occurred when the cyclones became stationary, creating "blocking" events. This can be confirmed by the blocking strength index (Tibaldi and Molteni 1990) , which is displayed as contours. The parameters used for the blocking strength index are identical to those used by Kodera et al. (2013) .
To investigate the global environmental conditions for the formation of these blocking events, Fig. 2 shows the large-scale circulation related to the extratropical planetary wave activity. The amplitude of the zonal wavenumber 2 component of the geopotential height wave increased in the troposphere from the end of November (Fig. 2e) and propagated upward as indicated by the vertical component of the E-P flux (Fig. 2d) . Accordingly, the North Pole temperature increased (Fig. 2a) and zonal winds decreased (Fig. 2c) in the stratosphere. However, zonal winds were only perturbed within the polar region because of the persistently strong zonal winds in the subtropical upper stratosphere (Fig. 2b) . The zonal-mean zonal winds in the polar stratosphere started to recover from around 5 December in association with the commencement of downward propagation of planetary waves as indicated by the negative values of the vertical component of the E-P flux for both wavenumbers 2 and 1 (Fig. 2d) . Note that the upward propagation of the wavenumber 1 component at 100 hPa much weaker than that of the wavenumber 2 component during November, but downward propagation of the wavenumber 1 component was as large as that of wavenumber 2 as can be seen in Fig. 2d showing the vertical component of E-P flux averaged over north of 30°N. Note also that in the polar region, wavenumber 1 component becomes dominant in downward propagation as will be shown later.
Evolution of the wave structure in the troposphere is depicted in the longitude-time section of the zonally asymmetric component of the 500-hPa geopotential height in Fig. 2f . Inspection reveals that the zonal wavenumber 2 component dominated from late November until 3 December, with ridges around 0° and 180° longitude, and troughs around 90°E and 90°W. Thereafter, while the Pacific ridge moved westward and merged with the European ridge, the Eurasian trough disappeared and the American trough extended westward over the Pacific. As a consequence of this transformation of the wave structure, the zonal wavenumber 1 component was amplified around 8 December. The cold spell over eastern Asia occurred as blocking developed (the locations are indicated by "B" in Fig. 2f ) when the Pacific ridge moved over Eurasia around 5 December, while the cooling in Central Asia started around 12 December following the development of another blocking ridge over central Eurasia.
The temporal evolution of the 3-day mean 500-hPa geopotential height and its anomalies from the climatology is shown in Fig. 3a . The ridge over the North Pacific extended to the north and then shifted westward from the beginning of December. On 7 December, the ridge was located over eastern Eurasia. The East Asian ridge then weakened while another ridge over Central Asia developed around 10 December. The Atlantic ridge also developed on 13 December after the Central Asian ridge. During the same period, a trough over eastern North America shifted westward and developed from the Russian Far East to Alaska. As a result of this transformation of troughs and ridges, a zonal wavenumber 1 structure became apparent in the 500-hPa geopotential height field from 10 December.
Height-time sections of the zonally asymmetric component of the geopotential height averaged over 60°N−70°N are displayed in Fig. 3b . To illustrate the propagation of planetary waves, Plumb's (1985) wave activity fluxes due to wavenumber components 1−3 are shown as arrows in Fig. 3b . It can be seen that blocking develops around the ridges of the planetary waves.
At the beginning of December, there were two troughs: one around 110°E in eastern Eurasia and the other around 90°W in eastern America. The Eurasian trough tilted westward with height, whereas the trough in the American sector had little phase tilt with height. This shows that planetary waves propagated upward from the Eurasian sector as a wave packet (Hayashi 1980) . The Eurasian trough then weakened and the Pacific ridge moved westward over the Eurasian continent from 4 to 7 December. The westward shift of the tropospheric ridge is produced in association with a downward propagation of planetary wave packet. The contribution of the wavenumber 2 and 3 components to the wave packet is important (Fig. 3a) . Although similar westward shift of the tropospheric ridge can be seen in the wavenumber 1 component, its amplitude is still very weak on 7 December (Fig. 3b) .
It should be noted that ridge and trough lines tilted opposite direction in the stratosphere and troposphere. This is clearly seen in wavenumber 1 component on 10 December. This means that while planetary waves propagate downward in the stratosphere, (Plumb 1985) , scaled by the inverse of the square root of the pressure. Panels show 3-day means for, from top to bottom, 30 November− 2 December, 3−5 December, 6−8 December, 9−11 December and 12−14 December. Ridge and trough lines are indicated by solid and dashed lines, respectively, in Fig. 3b, 9 −11 December. upward propagation continues in the troposphere. According to the interference between the upward and downward propagating waves, the amplitude of wavenumber 1 increases in the troposphere and the tilt of trough and ridge lines disappears on 13 December. This indicates that the wave becomes standing with opposite phases between the stratosphere and troposphere and a node at 100 hPa.
The upward propagation of the planetary waves is depicted by the E-P flux together with the zonal-mean zonal winds in Fig.  4a . The latitude-height sections for the E-P flux of zonal wavenumber components 2 and 1, together with the perturbation height amplitude for each wave component, are displayed in Figs. 4b and  4c , respectively. Enhanced upward propagation of wavenumber 2 is evident on 1 December. The amplitude of wavenumber 1 is smaller in the troposphere, but increases with height in the stratosphere, although the wavenumber 2 component still dominates in the lower stratosphere. On 7 December, divergence of the E-P flux appears in the middle stratosphere, and is especially clear for the wavenumber 1 component. This occurs in association with the downward propagation of planetary waves from the stratosphere to the troposphere. A large increase in the amplitude of the wavenumber 1 component in the polar troposphere becomes evident on 13 December. The node structure with minimum amplitude around 100 hPa is consistent with the reversal of phase around 100 hPa in Fig. 3 , suggesting interference between upward and downward propagating waves.
Our results suggest that the amplification of the zonal wavenumber 1 component originated in the upper stratosphere at the end of November. The evolution of the spatial structure of planetary waves in the upper stratosphere is also seen in the relative vorticity at 3 hPa (Fig. 5) . On 27 November, two negative (cyclonic) regions over Russia and Canada extended to lower latitudes where they shifted westward, implying the equatorward propagation of waves, as also seen in the E-P flux in Fig. 4 . On 1 December, two cyclonic regions developed in association with reduced equatorward propagation indicated by a less tilted phase structure. On 5 December, the two cyclonic regions extended over the Atlantic and merged, forming a developed wavenumber 1 structure. Note that the relative vorticity changes sign around 45°N in the meridional direction, which indicates that the waves were trapped at high latitudes. Once downward propagation had begun, although the wavenumber 1 feature persisted, the amplitude of the eddy field reduced on 9 December. In contrast, an increase in the wavenumber 1 component was observed in the troposphere. Note 50N 70N  10N  90N  30N 50N 70N  10N  90N  30N 50N 70N  10N  90N  30N 50N 70N  10N  90N   30N 50N 70N  10N  90N  30N 50N 70N  10N  90N  30N 50N 70N  10N  90N  30N 50N 70N  10N  90N   30N 50N 70N  10N  90N  30N 50N 70N  10N  90N  30N 50N 70N  10N  90N  30N 50N 70N  10N also the slight changes in the phase structure of the stratospheric wave: a slight eastward tilt with increasing latitude over the Pacific-American sector indicating slight poleward propagation (Fig. 5d ).
Discussion and concluding remarks
Cold surges over Eurasia in early-and mid-December 2012 were produced when large-scale blocking developed. The blocking occurred in association with the reflection of planetary waves from the stratosphere. The evolution of the propagation of planetary waves during December 2012 can be summarized as follows. i) Upward propagation of a wave packet with wavenumber 1−3 components from the Eurasian sector, which initiated the reflection event. ii) Downward propagation of the wavenumber 2 component followed by downward propagation of the wavenumber 1 component. iii) A large-scale tropospheric ridge over the eastern Atlantic-western Eurasia sector formed in association with an amplification of wavenumber 1 component as a result of the downward propagation of planetary waves.
The impact of the planetary wave reflection is seen at two stages in two regions. One is the Pacific-East Eurasian region, in which the reflection of the wavenumber 2 component in the lower stratosphere enhances the Pacific ridge and leads to the development of blocking over the Pacific and eastern Eurasian sector, which is a similar scenario to that reported in Kodera et al. (2013) .
The second is the central and western Eurasian region, in which the reflection of the wavenumber 1 component from the upper stratosphere amplifies a ridge over central-western Eurasia and forms a block there. The two severe cold surges that developed in early-and mid-December 2012 over eastern and western Eurasia can be attributed to the former and latter types of reflection, respectively. The first stage of the event develops from the Pacific to the east cost of Eurasia, in which contribution of zonal wavenumber 2 is seen. This stage is similar to that studied in Kodera et al. (2013) . We, therefore, focused here on the second stage over Eurasia, in which contribution of wavenumber 1 component becomes important.
As mentioned above, the vertical propagation of planetary waves occurs as a wave packet. Upward propagation of larger wavenumber components occurs under more restricted conditions than for smaller wavenumbers according to the linear theory (Charney and Drazin 1961) . This means that the wavenumber 2 and 3 components of the wave packet should be reflected at lower levels before the wavenumber 1 component is reflected from the upper levels. This may explain why the Pacific-East Eurasian blocking event precedes the western Eurasian blocking event.
The ridge of planetary waves with the wavenumber 1 component has a wider longitudinal extent than the synoptic-scale blocking high. Indeed, it can be seen that the ridge of the wavenumber 1 component includes two blocking highs over the Atlantic and central Asian region on 13 December (Fig. 3) . It is known that blocking amplifies planetary waves (e.g., Mukougawa et al. 2005; Martius et al. 2009 ). This example, however, clearly shows that the structure of the planetary wave influences the formation of blocking as discussed by Austin (1980) .
Note also that the wavenumber 1 component has a node structure in both the vertical and horizontal directions, with a node around 60°N in the troposphere as well as in the upper stratosphere on 13 December (Fig. 3) . This implies that the wavenumber 1 component is trapped in the polar region of the stratosphere and troposphere, which leads to its rapid amplification.
Westward shift of a ridge investigated by Kushnir (1987) is a phenomenon confined within the North Pacific sector and it is different from that investigated in the present study: westward shift of ridge across the Eurasian continent associated with the downward propagation of wavenumber 1 (Shaw and Perlwitz 2013 ; see also Fig. 10 of Kodera et al. 2016 ). 
